Nonalcoholic fatty liver disease (NAFLD) is rapidly becoming one of the most common forms of liver disease in Abstract The spectrum of nonalcoholic fatty liver disease (NAFLD) includes steatosis, nonalcoholic steatohepatitis (NASH), and cirrhosis. Recognition and timely diagnosis of these different stages, particularly NASH, is important for both potential reversibility and limitation of complications. Liver biopsy remains the clinical standard for defi nitive diagnosis. Diagnostic tools minimizing the need for invasive procedures or that add information to histologic data are important in novel management strategies for the growing epidemic of NAFLD. We describe an "omics" approach to detecting a reproducible signature of lipid metabolites, aqueous intracellular metabolites, SNPs, and mRNA transcripts in a double-blinded study of patients with different stages of NAFLD that involves profi ling liver biopsies, plasma, and urine samples. Using linear discriminant analysis, a panel of 20 plasma metabolites that includes glycerophospholipids, sphingolipids, sterols, and various aqueous small molecular weight components involved in cellular metabolic pathways, can be used to differentiate between NASH and steatosis. This identifi cation of differential biomolecular signatures has the potential to improve clinical diagnosis and facilitate therapeutic intervention of
NAFLD is fundamentally a disease characterized by marked derangements in lipid storage and metabolism. A comprehensive examination of lipid species through the advanced stages of NAFLD can provide insights into mechanisms of disease progression and can identify noninvasive biomarkers of different stages. To date, no molecular species-level study examining all major lipid classes and metabolites has been conducted on the spectrum of NAFLD patients.
To address this need, we profi led lipids from liver biopsies, plasma, and urine samples in a double-blinded study from 88 individuals classifi ed on the basis of liver histology as either normal (n = 31), steatotic (n = 17), NASH (n = 20), or cirrhotic (n = 20). Additionally, metabolites of the citric acid cycle, glycolytic pathway, nucleotides, and CoAderivatives were profi led. Finally, gene expression from liver samples was analyzed by RNA sequence (RNA-Seq) and the results correlated with both lipid and intermediary metabolite levels on a sample-by-sample basis.
Data from these analyses was suffi cient to allow clinically signifi cant discrimination between histologically defi ned categories of NAFLD. Cirrhosis was identifi ed by many individual analytes and transcripts, while discrimination between other disease states required broader panels of analyte species for effi cient classifi cation. Among the classes, sphingolipids and glycerophospholipids (GPLs) were most predictive of a given disease stage. A diverse panel of just 20 plasma lipid and aqueous metabolites effi ciently separated all disease states by linear discriminant analysis (LDA).
MATERIALS AND METHODS

Study design
Ninety-one patients, selected on an "all-comers" approach, were included in this double-blind lipidomic study from patients who presented to the Vanderbilt Liver Disease Clinic, General Surgery Clinic, and Center for Surgical Weight Loss or were multiorgan donors. All patients subsequently underwent surgical procedures during which clinical indications dictated the need for liver biopsy. The list of surgical procedures during which liver biopsies were obtained include: 43 gastric bypasses, 18 liver transplants, 3 multiorgan donors, 16 ventral hernia repairs, 2 liver resections, 1 cholecystectomy, 1 gastric band removal, 2 gastric pacemakers, and 2 hiatal hernias. Clinical parameters were generally available based upon medical assessments as ordered by primary physicians. Consistent with the intent of the study, those patients diagnosed as having hepatitis or other viral-based liver diseases, HCC, or liver disease, likely due to excessive alcohol consumption as defi ned by established clinical criteria, were excluded from the study in order to focus on NAFLD patients.
Ninety-one subjects underwent a liver biopsy for clinical indications, and a histological diagnosis was made in a blinded fashion by GI pathologists at Vanderbilt University according to standard of care practice and using established criteria ( 19 ) . Of these, 88 were classifi ed as belonging to one of these four conditions: normal (n = 31), steatosis (n = 17), steatohepatitis (n = 20), or cirrhosis (n = 20), Three patients were excluded from subsequent analysis as they did not defi nitively fall into one of these four categories. Aqueous metabolites and lipidomic analysis were performed on appropriate extracts of liver, plasma, and urine, the United States and worldwide ( 1 ) . NAFLD is associated with the metabolic syndrome and represents a spectrum of liver disease that includes steatosis and nonalcoholic steatohepatitis (NASH) that can progress to end-stage liver disease and cirrhosis, which can be further complicated by hepatocellular carcinoma (HCC). Approximately 30-50% of NAFLD patients have NASH at the time of diagnosis ( 1 ), and over 80% when patients additionally present with certain lipodystrophies ( 2 ) . Between 10 and 29% of subjects with NASH develop cirrhosis within 10 years, and a smaller subset of NASH patients develops HCC ( 3 ) . Biopsy is currently the only conclusive means of diagnosis of any stage of the disease, and the presence of infl ammation at the time of biopsy for a NAFLD patient is associated with a subsequent risk of clinically signifi cant fi brosis ( 4, 5 ) . Tools to better defi ne progression of disease in NAFLD, as well as to stratify risk of disease progression noninvasively or in conjunction with a liver biopsy, will have great clinical signifi cance.
The relationship of infl ammatory stress, lipotoxicity, and lipid signaling in NASH etiology and progression is under study. While cellular ballooning, degeneration, and infl ammation are histologic hallmarks of the disease, mechanistic connections to infl ammatory lipids in particular are only now being examined ( 6 ) . Several lipid mediators typically associated with lipotoxicity such as diacylglycerols (DAGs), oxysterols, ceramides, and FFAs are suggested as potential key links in the mechanism of disease progression toward NASH. Lipotoxicity involving these lipids is commonly found in metabolic syndrome, insulin resistance, and type 2 diabetes ( 7 ), which are frequent comorbidities associated with NAFLD ( 8, 9 ) . Further, while the role of lipids in fi brosis is often discussed in the context of repair ( 10 ) , their ability to regulate oxidative stress and key transcription factors appears more infl uential and may have signifi cant effects on the progression of NAFLD ( 11, 12 ) . Lipids are also important mediators of infl ammatory signals, and previous studies have yielded information about plasma and liver lipids in the setting of NASH. For instance, FA analysis revealed that the profi les of nonalcoholic fatty liver and NASH are relatively similar, but that NASH and simple steatosis differ in their content of lipoxygenase-derived eicosanoids ( 13, 14 ) . Lipidomic analyses of human serum indicate that ether-linked phospholipids, certain neutral lipids, and FAs show suggestive differences between NASH and steatosis for some classes of patients by degree of obesity ( 15 ) . Ceramides have been proposed to participate in the development and progression of NAFLD ( 16 ) .
Genetic and epigenetic mutations have also been investigated in association with NASH and NAFLD ( 3, 10, 17 ) . Variants of PNPLA3 correlate with differences in NAFLD prevalence across different ethnicities (Hispanics > Caucasians > African Americans). PNPLA3 encodes triacylglycerol (TAG) lipase and expression of a particular mutant (I148M) is associated with the severity of liver disease, including NASH ( 18 ) . The capacity of genetic factors to modulate T-cell responses and epigenetic suppression of PPAR ␥ expression to affect NAFLD has also been described ( 10 ) .
724
Journal of Lipid Research Volume 56, 2015
Sterols and oxysterols. Sterols and oxysterols were extracted using previously described methods ( 30 ) .
Neutral lipids. Cholesteryl esters (CEs), TAGs, and DAGs were extracted from weighed liver tissue (0.5-1 mg) suspended in 0.5 ml PBS that had been homogenized by sonication. Extractions of plasma (0.05 ml diluted to 0.1 ml with PBS), urine (1 ml), and tissue sonicates were carried out using 1 ml hexane:methyl t-butyl ether (1:1, v/v), essentially as previously described ( 31 ) .
Sphingolipids. Sphingolipids from liver, plasma, and urine were extracted following previously published procedures ( 32, 33 ) , with the exception that methylene chloride was substituted for chloroform for the single-phase extraction of sphingoid bases.
Aqueous metabolites. A mixture of 5 mM D 4 -citrate:4 mM 5-(3-aminoallyl) uridine-5 ′ -triphosphate:2.5 mM 2-deoxy-D-glucose-6-phosphate:2 mM n-propionyl CoA (1:1:1:1) was used as an internal standard mix and added to each sample during the extraction procedure. Before analysis, samples were dissolved in different volumes of resuspension solvent consisting of aqueous 2 mM NH 4 OCOCH 3 and 3 mM hexylamine (pH 9.2, adjusted with acetic acid).
Liver sample extraction. Approximately 10 mg of frozen liver was homogenized in 500 l of cold ( Ϫ 20°C) 70% CH 3 OH using a tight-fi t glass homogenizer (Kimble/Kontes Glass Co., Vineland, NJ) for about 1 min on ice in the presence of 4 l of internal standard mix. The suspension was vortexed for 10 s and left in an ice bath for 30 min. After mixing by vortex at 4°C for 1 min and centrifugation (4°C, 18,000 g , 10 min), the supernatant was collected and the solvent was evaporated. The residue was dissolved in 200 l of resuspension solvent, vortexed to mix (1 min at 4°C), and centrifuged (4°C, 18,000 g , 10 min) to remove any insoluble material.
Plasma sample extraction. One hundred microliters of thawed plasma containing 4 l of internal standard mix were extracted with 500 l cold ( Ϫ 20°C) 70% CH 3 OH by incubation in an ice bath for 30 min. After mixing by vortex at 4°C for 1 min and centrifugation (4°C, 18,000 g , 10 min), the solvent was evaporated from the supernatant. The residue was dissolved in 200 l of resuspension solvent, vortexed to mix (1 min at 4°C), and centrifuged (4°C, 18,000 g , 10 min) to remove any insoluble material.
Urine sample extraction. Five hundred microliters of thawed urine containing 4 l of internal standard mix were extracted with 500 l cold ( Ϫ 20°C) CH 3 OH by incubation in an ice bath for 30 min. After mixing by vortex at 4°C for 1 min and centrifugation (4°C, 18,000 g , 10 min), the solvent was evaporated from the supernatant and the residue was dissolved in 400 l of resuspension solvent, vortexed to mix (1 min at 4°C), and centrifuged (4°C, 18,000 g , 10 min) to remove any insoluble material.
LC-MS methods
GPLs. Extracted GPLs from liver and plasma were analyzed by MS, as described elsewhere ( 20, 21 ) .
Cardiolipin, coenzyme Q, and dolichol. Cardiolipin analysis was achieved with normal phase LC coupled with high-resolution MS performed on a TripleTOF 5600 system (AB SCIEX, Foster City, CA) ( 24 ) . Dolichol and coenzyme Q were analyzed by reverse phase LC coupled with multiple reaction monitoring (MRM) MS utilizing a 4000 Q-Trap hybrid triple quadrupole and transcriptomic polymorphisms and SNPs were profi led from liver (wedge) biopsies. All samples were immediately snap-frozen and stored at Ϫ 80°C following collection according to a preestablished standard operating procedure (SOP). All sample data were deidentifi ed from patient records. A strict double-blind fi rewall was maintained during the data collection phase, meaning the investigators involved in sample analyses were unaware of the clinical diagnosis associated with the liver, plasma, and urine samples or the demographics of any of the sample subjects. Similarly, the clinicians were not shown any of the analytical measurements during the data collection phase. Once the fi nal samples were collected and analysis completed, the data set was locked. Only at time of manuscript preparation was the diagnosis of individual clinical samples revealed. Data analyses and procedures were explicitly written in a SOP document and approved by the Vanderbilt Protection of Human Subjects Committee.
A test was performed to ensure no gender driven differences were present by applying a false discovery rate (FDR) limitation (FDR <5%) within any histological categories. Analytes (lipids, aqueous metabolites, SNPs, mRNA transcripts) were subjected to ANOVA followed by FDR (<5%) and only two species in urine met these criteria. Based on that analysis, only data from liver and plasma samples were included in the subsequent analysis.
Ethics statement
Human samples were collected according to a protocol approved by Vanderbilt University Medical Center's Internal Review Board (#120829) and under informed written patients' consent prior to inclusion in this study. Sample sizes were selected to minimize the invasive procedures. Plasma samples were obtained from patients' blood collected during standard of care surgical procedures. Urine samples were collected from patients' Foley catheters placed for standard of care procedure. Liver samples were obtained from the excess tissue collected as part of the standard of care liver biopsies performed at the time of surgery that would otherwise be discarded. Subsequently, studies at University of California, San Diego were conducted under further auspices of University of California, San Diego Internal Review Board #121220 .
Materials
Lipid standards used in lipid quantitation were acquired from Avanti Polar Lipids, Inc. (Alabaster, AL) and Cayman Chemicals (Ann Arbor, MI). D 4 -citrate (CDN, Pointe-Claire, Quebec Canada), 5-(3-aminoallyl) uridine-5 ′ -triphosphate (Sigma-Aldrich), 2-deoxy-D-glucose-6-phosphate (Santa Cruz, Dallas, TX), and npropionyl CoA (Sigma-Aldrich) were used in the standard mixture for metabolite mass spectrometric analysis. HPLC grade solvents were purchased from VWR (West Chester, PA) and used without further purifi cation.
The MS spectra were acquired in negative ionization mode using a turbo spray source with target scan time of 50 msec in MRM scan type. Parameters of the MRM scan used for these metabolites are detailed in Table 1 .
Nucleotides and CoA. For the nucleotide analysis, an MDS SCIEX 4000 Q TRAP hybrid triple quadrupole/linear ion trap mass spectrometer (Applied Biosystems) was utilized, coupled to a Waters Acquity I-class UPLC system and a method modifi ed from ( 38 ) . Samples were separated on an Acquity BEH C18 column (Waters) (2.1 × 50 mm, 1.7 m particle size) using a 10 l sample injection. Metabolites were separated using a binary gradient program consisting of 2 mM NH 4 OCOCH 3 and 3 mM hexylamine (to pH 9.2 with acetic acid) (mobile phase A) and 100% acetonitrile (mobile phase B) at a fl ow rate of 0.6 ml/min.
The MS spectra were acquired in negative ionization mode using a turbo spray source with target scan time of 50 msec in MRM scan type using the MRM transitions detailed in Table 2 .
RNA-Seq and SNP arrays
DNA and RNA isolation/library preparation. Liver homogenates were prepared from approximately 10 mg frozen liver by the cryopulverization method using a BioSpec 59012MS 316 stainless steel 12-well multisample biopulverizer under liquid nitrogen and dry-ice cooled conditions. Pulverized tissue was immediately resuspended in RLT-Plus buffer (Qiagen) supplemented with ␤ -mercaptoethanol. Genomic DNA and total RNA were extracted from liver homogenate using the AllPrep DNA/ RNA Mini kit (Qiagen) according to the manufacturer's instructions. Approximately 200 ng genomic DNA was used for SNP detection using the HumanCoreExome-12v1.1 BeadChIP platform (542585 SNPs) (Illumina). The SNP array contains common variant SNPs and extended coverage of exonic regions accounting for about 19,000 genes. PolyA-RNA was selected from 5 g total RNA using the MicroPoly(A)Purist kit (Ambion) according to the manufacturer's instructions. Isolated RNA was hydrolyzed in a total volume of 20 l with 2 l RNA fragmentation buffer (Ambion) for 10 min at 70°C. The reaction was terminated with stop buffer, and buffer was exchanged to Tris (pH 8.5) using P30 sizeexclusion columns (Bio-Rad). The fragmented RNA was then used for preparation of Illumina-compatible indexed sequencing libraries as described previously ( 39 ) . Purifi ed libraries were quantifi ed by Qubit dsDNA HS assay kit (Invitrogen) and sequenced for 51 (insert) + 7 (index) cycles on a HiSeq 2000 sequencer linear ion-trap mass spectrometer (AB SCIEX) ( 22, 23 ) . For dolichol analysis, MRM was performed in negative ion mode, with the precursor ions being the (M+acetate) Ϫ adduct ions and the product ions being the acetate ions ( m/z 59). For coenzyme Q analysis, MRM was carried out in positive ion mode, with ammonium adducts (M+NH 4 ) + as precursor ions and the proton adducts of the quinone ring of coenzyme Q ( m/z 197) as product ions. For quantitation, an internal standard mixture composed of a cardiolipin mix (Avanti Polar Lipids, Inc.), nor-dolichol ( 13-22 ) (Avanti Polar Lipids, Inc.), and yeast coenzyme Q6 (Sigma) was added during the fi rst step of lipid extraction ( 22 ) .
FAs and eicosanoids. FFAs were analyzed by stable isotope dilution GC-MS after derivatization, essentially as described previously ( 26, 27 ) . This method quantifi es 33 FAs including all major and minor saturated FAs, monounsaturated FAs, and PUFAs containing 12 to 26 carbons.
Eicosanoids were analyzed by a stable isotope dilution LC/MS method utilizing 26 deuterated internal standards ( 28, 29 ) . The metabolites were quantifi ed after separation by reverse phase chromatography on a 2.1 × 100 mm BEH Shield column, 1.7 M (Waters, Milford, MA) employing an Acquity UPLC system (Waters). Detection and quantifi cation were performed on an AB SCIEX 6500 QTrap mass spectrometer equipped with an IonDrive Turbo V source (AB SCIEX, Framingham, MA), operated in negative ionization mode via MRM, using standard curves generated from 145 authentic quantifi cation standards ( 34 ) . The method analyzes an additional 13 metabolites based on authentic primary standards, but which cannot be quantifi ed due to the lack of appropriate internal standards. Data analysis was performed using MultiQuant 2.1 software (AB SCIEX).
Sterols and oxysterols.
Sterols and oxysterols were measured using methods previously described ( 30 ) . Plasma total cholesterol was measured using a Vitros 250 chemistry system (OrthoClinical Diagnostics, Rochester, NY). Plasma free cholesterol and liver free and total cholesterol were measured using methods adapted from ( 30 ) .
Neutral lipids. The organic solvent extraction layer containing CEs, TAGs, and DAGs was taken to dryness, then derivatized with 2,5-difl uorophenylisocyanate to convert DAGs to urethane derivatives ( 35 ) . The derivatized extract was separated by normal phase LC as previously described ( 35 ) . The CEs eluting fi rst from the LC column were detected by 20 specifi c MRM transitions corresponding to each [M+NH 4 ] + ion being collisionally activated to m/z 369.3. During elution of TAGs, the mass spectrometer was set to carry out full mass scanning from m/z 400-1,000. The DAGs were detected by neutral loss scanning of 190 Da.
Sphingolipids. Sphingolipids were analyzed by LC-MS/MS
essentially as described in ( 32, 33 ) with minor modifi cations to include the 1-deoxy-sphingolipids as generally described in ( 36 ) .
TCA /glycolysis metabolites. For the metabolites analysis, an MDS SCIEX 4000 Q TRAP hybrid triple quadrupole/linear ion trap mass spectrometer (Applied Biosystems, Foster City, CA) was utilized, coupled to a Waters Acquity I-class UPLC system, using a modifi ed method from ( 37 ) . Samples were separated on an Acquity HSS T3 column (Waters) (2.1 × 100 mm, 1.8 m particle size) using a 10 l sample injection. Metabolites were separated using a binary gradient program consisting of 5 mM hexylamine (pH 6.3 with acetic acid) (mobile phase A) and methanol:10 mM NH 4 OCOCH 3 (aq) (9:1) (pH 8.5 with NH 4 OH) (mobile phase B) at a fl ow rate of 0.4 ml/min. 
GO term enrichment was performed similarly. The results of KEGG and GO term enrichment for pathways with ANOVA P value <0.05 between steatosis and NASH were considered signifi cant.
Pearson correlations were used to assess association between analytes and expression of particular genes in select pathways identifi ed as above and in the curated gene lists of WikiPathways ( 45 ) .
SNPs. PLINK software ( 46 ) was used for analysis of SNP data, including quality control and association test; allele-AB data was used to generate PLINK ped fi les. For quality control, individuals with more than 10% missing genotypes and SNPs with less than 90% genotyping rate across all individuals were removed. Furthermore, SNPs that failed to meet the Hardy-Weinberg equilibrium threshold (exact test P < 0.001) were removed. A chisquared test was then applied for case/control association tests on pairs of histological conditions (e.g., normal vs. steatosis; steatosis vs. NASH; NASH vs. cirrhosis) for PNPLA3 and other mutations.
Two-level LDA for steatosis and NASH samples. To design
an eventual LDA with n variables, one LDA was performed on a somewhat larger number (say, 2 n ) of variables. The discriminant coeffi cients were examined and rank-ordered according to their contribution (in this case, taken as LD coeffi cient × center of all samples). Next, the top n variables were used to perform another LDA of the data. This two-level LDA is referred to as LDA2. Once a LDA model is built using training data, when a new test sample arrives, one can compute the discriminant value as, D = x T · c , where x is a vector of the values of the variables (e.g., lipids) for the test sample and c is the vector of LD coeffi cients. Using D and the population means for the two classes, the posterior probabilities and the predicted class are computed using the "predict" or "predict.lda" function from the MASS package in R.
RESULTS
Clinical demographic profi le
Ninety-one patients who underwent liver biopsy were included in this study. Among these, 88 had a defi nitive histological diagnosis of either normal (n = 31), steatosis (n = 17), steatohepatitis (n = 20), or cirrhosis (n = 20). Three patients who did not fall defi nitively within these pathologic categorizations were excluded from further analysis. Table 3 indicates the clinical characteristics by disease state within the study population and includes several commonly used methods of assessing liver function, such as alanine aminotransferase levels and total bilirubin. None of the clinical laboratory data or other demographic information (i.e., gender, ethnicity, age) showed signifi cant differences between steatosis and NASH. This fi nding further reinforces the diffi culty of using traditional liver function indicators to distinguish NASH from steatosis, as others have demonstrated as well. The majority of individuals with (Illumina) with sRNA sequencing primer 5 ′ -CGACAGGTTC-AGAGTTCTACAGTCCGACGATC-3 ′ and TruSeq index sequencing primer (Illumina).
Mapping of the RNA-Seq reads to human genome and transcriptome. Omicsoft sequence aligner ( 40 ) was used to map the reads (single-end sequencing) to human genome (version B37.3) and transcriptome (Ensembl R66). Average read count for the samples was 30 million and 50-70% reads were uniquely mapped for most samples. Some samples were sequenced twice to achieve a higher sequencing depth.
Statistical analysis
Lipids and aqueous metabolites. Lipid Differential expression analysis for transcript sequence count data. Differential expression analysis for transcript sequence count data was used for data normalization and to identify significantly regulated transcripts out of 43,279 transcripts matching entries in the Ensembl database, employing a variance modelingbased approach with a negative binomial distribution ( 41 ) . A transcript was identifi ed as differentially regulated across conditions (normal, steatosis, steatohepatitis, cirrhosis) if P < 0.05. ANOVA was also carried out on the normalized read counts.
Pathway based analysis. We identifi ed statistically enriched
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in gene expression data sets using a hypergeometric distribution-based approach through the software Database for Annotation, Visualization, and Integrated Discovery (DAVID ) ( 42, 43 ) . DAVID also allows functional/disease/gene ontology (GO)-based enrichment. Similar approaches are implemented elsewhere, such as VAMPIRE-GOBY ( 44 ) . The enrichment factor (EF) is defi ned as follows:
where b is the total number of genes in the pathway of interest, s is the number of genes of interest in this pathway, N is the total number of genes in the microarray experiment, and k is the total number of genes of interest (signifi cantly regulated genes). P value, the probability of fi nding at least s genes of interest in this pathway by assuming hypergeometric distribution, was computed as follows: categories were longer chain ceramides, dihydroceramides, or 1-deoxy-dihydroceramides ( Fig. 1B ) . The fact that there are many species with signifi cant differences between categories in both the liver and plasma further encourages the notion that a less invasive method for diagnosing disease state is possible using mass spectrometric methods.
Profi les of differences between primary disease states
Heatmaps of the log2-fold changes between the primary histological categories (i.e., normal, steatotic, NASH) are displayed in Fig. 2A, B for the liver and plasma, respectively. In the liver, TAG species were nearly uniformly higher in NASH and steatosis compared with normal, as expected. In transcriptomic data, levels of DGAT1, which encodes the enzyme for converting DAG into TAG (ENST00000528718 and ENST00000524965), is somewhat higher in NASH and steatosis samples relative to normal samples (supplementary Fig. 2A, B) . Differences between NASH and steatosis in TAG acyl chain composition followed a pattern of higher amounts of short and saturated fatty acyl chain-containing species in NASH and lower amounts of PUFA-containing TAGs. Transcriptomic data partially support this statement, as levels of elongase ELOVL2 (ENST00000354666) are reduced in NASH versus steatosis (supplementary Fig. 2C ). On the contrary, levels of the elongase ELOVL5 [ENST00000370918 and ENST00000542638 (supplementary Fig. 2D, E) ] and the desaturase FADS2 [ENST00000257261 and ENST00000278840 (supplementary Fig. 2F, G) ] are either unchanged or slightly increased (supplementary Fig. 2 ). DAGs showed far less abundance in NASH compared with steatosis for virtually all species in the class, and slightly lower amounts in NASH compared with normal. The DAG trends for NASH were similar to cirrhosis. Several CE species were also lower in NASH versus steatosis. The GPL species with the strongest discriminatory power between the NASH and steatosis in the liver were PUFA lysophosphatidylethanolamines (LPEs), which were strongly elevated in steatosis versus normal, but not in NASH, suggesting increased lipid turnover (more so than hydrolysis), as previously implied for steatotic versus nonsteatotic cirrhosis were male (75%) in contrast to the overall study population. Therefore, a test was performed to ensure that the profi le of analytes varying in cirrhosis was not merely driven by gender differences. No analytes were found to vary signifi cantly between genders after FDR limitation <5% within any histological categories.
Identifi cation of potential biomarkers
Molecular species in each sample type (i.e., liver, plasma, urine) were subjected to ANOVA followed by FDR (<5%). A total of 186 species showed signifi cant variation across the four histological categories in the liver, and 132 in plasma. The critical P values from the FDR procedure were 0.016, 0.014, and 6.3E-5 in the liver, plasma, and urine, respectively. These lists of species are indicated in supplementary Data File 1. Only two species survived this criterion in urine [leukotriene E4 (LTE4) and 12,13-dihydroxy octadecenoic acid (12,13diHOME)], where variation between samples within disease states was largest . As such, subsequent analysis focused primarily on data obtained from the liver and plasma.
A broad cross-section of lipids was represented in the candidate biomarker lists. In the liver, most of the major CEs and TAGs showed signifi cant variation across disease states, as well as several sphingolipids and GPLs. In plasma, differences across histological categories occurred for many major phosphatidylcholines (PCs), ether phosphatidylethanolamines (PEs), phosphatidylinositols, and sphingolipids, including several 1-deoxy-and dihydro-species of sphingomyelin and ceramide. Many of the eicosanoid species discriminated primarily between cirrhosis and the other categories (supplementary Fig. 1 , supplementary Data File 1).
There were a total of 48 species showing overlap between signifi cant liver and plasma analytes ( Fig. 1A ) . These included several DAGs, TAGs, CEs, and GPLs, which generally contain PUFAs ( Fig. 1B ) . Such a pattern is in accordance with a previous study fi nding differences between the livers of normal, steatotic, and cirrhotic patients in PUFAcontaining GPLs ( 47 ) . Most of the sphingolipid species that differed in both the liver and plasma across histological 6-phosphogluconate ( P = 0.048) shown in supplementary Fig. 3 , were modestly lower as well. In contrast, the levels of genes of the TCA cycle, such as fumarate hydratase (FH; enzyme for malate production) and pyruvate kinase (PKL; enzyme for F16BP synthesis) are nearly unchanged (not shown). The same is true for the transcripts of succinate dehydrogenase enzymes (SDH) subunits A, B, C, and D (SDHA, SDHB, SDHC, SDHD), the enzymes involved in fumarate production (not shown ).
In plasma ( Fig. 2B ) , the heatmap of fold-differences in lipid or aqueous metabolites between histological categories is dominated by the contrast between cirrhotic samples and all other states. Several eicosanoids and FAs were elevated in cirrhosis, but not NASH, and many plasma neutral lipids, GPLs, and some sterols were lower in cirrhosis, but not in NASH. Sphingolipids and aqueous metabolites showed cirrhosis-specifi c differences for most analytes in those classes. In particular, most sphingomyelins, long-chain bases, and glycolytic/ TCA cycle metabolites were lower in cirrhosis, while a handful of glucosylceramide species and nucleotides were higher in cirrhosis (supplementary Data File 1). A total of 48 species showed signifi cant differences in amounts across disease states in both plasma and liver, including some of the major DAG, TAG, and CE species, PUFA GPLs, sphingosine and sphingosine 1-phosphate, liver based on metabolomics analysis ( 48 ) . However, the mRNA levels for several PLA2s catalyzing the PE hydrolysis are contrary to this trend. Fig. 2) . The transcripts for genes for enzymes that convert LPE into PE (e.g., AGPAT5, MBOAT2) or LPC into PC (e.g., LPCAT4) are either in low abundance or are not signifi cantly different across the four conditions. In the easily distinguishable cirrhotic phenotype, almost all lipids except for eicosanoids and certain GPLs (e.g., phosphatidylinositols, ether-linked PEs) were lower than in normal samples. The aqueous metabolites, malate and fructose-1,6-bisphosphate (F16BP), demonstrated lower levels in NASH in particular, and several other citric acid cycle and glycolytic metabolites, such as succinate ( P = 0.025), citrate ( P = 0.020), glutamate ( P = 0.026), and fl uid, such as plasma. Several lipid classes in plasma showed differences distinguishing NASH from steatosis. These were largely encompassed by CEs, some sphingolipids and GPLs, and the aqueous metabolite F16BP, but without the trends for malate or succinate (not shown) that were observed in the liver. In particular among GPLs, PUFA PEs and notably those containing ether-linked moieties were elevated in NASH compared with steatosis (supplementary Data File 1). Although NASH/steatosis contrasts in plasma LPEs were not statistically signifi cant, there was a trend toward lower levels with progression from steatosis to NASH and cirrhosis. Together with the lower liver LPE levels found in NASH versus steatosis, this fi nding suggests decreased hydrolysis of ether-linked PEs in individuals with NASH.
Plasma sphingolipids exhibited elevated ceramides, dihydroceramides, and 1-deoxy-dihydroceramides and -ceramides associated with NASH with differences across histological states for numerous molecular subspecies (supplementary Data File 1). The liver also displayed higher amounts of many of these species in NASH (interestingly with elevation of sphinganine but not ceramide) (supplementary Data File 1), and the greatest distinction between NASH versus steatosis was in very-long-chain dihydroceramides and 1-deoxydihydroceramides. Ceramides have been previously associated with NASH and hypothesized to contribute to disease development ( 16 ) , and this study expanded the scope of the perturbation of sphingolipid metabolism to include dihydro-and 1-deoxy-species.
Broad panel of species distinguishes disease states via LDA
Given that the diversity of lipids with strong differences across disease states is rather broad ( Fig. 2 ) , LDA was performed across all lipid classes using analytes with significant differences chosen by their ranking of ANOVA scores (species in bold in supplementary Data File 1). When the top 80 such plasma lipids and aqueous metabolites were used in this way, effective clustering of four disease states in LDA was achieved ( Fig. 3A ) . Decreasing the number of analytes used in this manner to 50 resulted in overlap of clusters (not shown). With respect to liver analytes, discrimination between disease states reached a similar degree of separation between clusters using the top 80 liver analytes by ANOVA ( Fig. 3B ) , but with even tighter clustering of data for both the NASH and steatotic states than in plasma ( Fig. 3A ) .
The two lipid classes in the plasma dataset that individually provided the best clustering by LDA were sphingolipids ( Fig. 4A ) and GPLs ( Fig. 4B ) . In each case, LDA was applied to all species in the class, not just to those with signifi cant P values and fold changes. Results from other plasma lipid classes, such as eicosanoids and neutral lipids, showed less separation between groups ( Fig. 4C, D , respectively) . Eicosanoids showed relatively strong clustering of cirrhosis samples from the other histological categories, but little contrast between normal, steatosis, and NASH ( Fig. 4C ) . While neutral lipids encompass a larger number and several oxysterols. Subsequent analysis focused on plasma as a more relevant source of material for measuring biomarkers in the clinic.
Plasma lipids distinguish NASH from steatosis
We have shown differences in metabolites corresponding to different disease stages in liver biopsies, but of greater importance for the purpose of this study is the evaluation of these markers in an easily accessible body metabolites responsible for the delineation between NASH and steatosis, LDA was performed on samples from just these disease states. A subset of the top 20 plasma lipids and aqueous metabolites by P value that showed contrast between these categorizations was used to effi ciently classify NASH versus steatosis ( Fig. 5A ). This grouping resulted in a diverse set of species from a variety of classes and included 1-deoxy-ceramide species, etherlinked GPLs, lysophosphatidylinositols, and aqueous metabolites ( Fig. 5B ) . Leave-out-one cross-validation of the classifi cation error of the LDA for NASH versus steatosis was 19%. Distribution of the levels of these 20 key species across histological states can be viewed in supplementary Fig. 1 .
Transcriptomic analysis correlates gene expression with clinical state
Gene expression of endoplasmic reticulum stress-related, unfolded protein response, lipogenesis, autophagy, apoptosis, and other genes responsible for absorption, distribution, metabolism, and elimination of drugs have been analyzed for disease progression ( 49, 50 ) . Certain clusters of genes were associated with disease progression and showed coordinated regulation in response to hepatic endoplasmic reticulum stress ( 50 ) . On the other hand, there is a regulated uptake transporter gene expression related to drug uptake, indicative of a hepatoprotective mechanism, preventing metabolite accumulation in compromised hepatocytes ( 49 ) .
In this study, we analyzed the relation between metabolite changes and gene expression during disease progression, and more specifi cally, whether they can distinguish between NASH and steatotic livers. RNA-Seq data were acquired from liver samples. When the top transcripts showing differences across all histological states are considered ( P < 0.01 by ANOVA, 4,818 transcripts out of total of 43,279), a number of genes in GO and KEGG pathways are highlighted as being coordinately upregulated. Most of these differences arose due to strong up-or downregulation in the cirrhotic condition only. This fi nding alone does not assist in distinguishing NASH and steatosis from a clinical perspective. Only 1,210 transcripts showed ANOVA P < 0.05 for NASH versus steatosis whereas 174 transcripts showed ANOVA P < 0.01. These results were organized into certain defi ned functional pathways. Using the 1,210 transcripts, the pathways in Table 4 were determined to have a KEGG and/or GO pathway enrichment with P < 0.05. Among these pathways were clusters of upregulated genes for collagen fi bril organization (4.2-fold), focal adhesion (1.92-fold), and extracellular matrix (ECM)-receptor interaction (2.1-fold). Upregulation of ECM degradation has been previously related to both NAFLD and liver injury states ( 10 ) . Along with the other entries for adhesion network pathway and complement and coagulation cascades, this result further reinforces the concept that vascular repair networks are activated as liver disease progresses. Transcripts from key collagen genes that participate in ECM deposition, fi bril organization, and infl ammatory response generally showed upregulation that followed the disease state progression of plasma lipid species than either sphingolipids or GPLs, it should be noted that just over 25% (42 of 166) of the plasma DAGs and TAGs were above the limit of detection for more than 10 of the patient samples, and only these species were utilized to allow LDA to proceed without errors due to colinearity. Nonetheless, while some contrast between cirrhosis and steatohepatitis can be seen for neutral lipids ( Fig. 4D ) , this difference was not as strongly resolved.
While the detection of unsuspected early cirrhosis has prognostic implications for patients, diagnosis of cirrhosis can often be made from other types of clinical data. A more critical and perhaps subtle relevant clinical distinction was sought between the two potentially reversible disease stages, NASH and steatosis. To identify involved in fi brosis exhibited enhanced expression in the progression from NAFLD to NASH to cirrhosis.
Few of the networks highlighted in Table 4 show a strong relationship to lipid metabolic processes. In order to further elucidate connections with lipid metabolites, genes participating in the highlighted networks were cross-correlated against the liver analyte data to assess associations of potential importance, with cirrhotic patients exempted to avoid overwhelming signals due to data from that category alone. Collagen-encoding genes were selected for further investigation, given their upregulation is crucial to progressive liver disease characterized by fi brosis and is typically only activated after stellate cells shed lipid droplets ( 10 ) . Of note, several of these transcripts were found to correlate with | r | > 0.4 with lipid species (supplementary Table 2 ). Some of the same classes of species noted in Fig. 1B as having differences across histological ( Fig. 6 ; supplementary Figs. 4, 5). As suggested by previous studies based on smaller sample size ( 51, 52 ) , genes related to lipid metabolism and ECM remodeling are differentially expressed in samples from NASH patients compared with controls, and thus correlation between these and metabolites may be established. Certain matrix metalloproteinase (MMP) genes involved in processing ECM, including collagen, showed upregulation in NASH versus steatosis as well (supplementary Figs. 5, 6 ). Increases in the expression of several genes involved in fi brosis were observed in samples from patients who exhibited NASH (supplementary Fig. 5 ). An examination of genes activated by NLRP3, TIMP1 (not shown), interleukin IL-1 ␤ (panel A), transforming growth factor ␤ 1 (TGF ␤ 1) (panel B), chemokine (C-C motif) ligand 2 (CCL2) (panel C), chemokine (C-X-C motif) ligand 1 (CXCL1) (panel D), and MMP9 (panel E), MMP14 (panel F ) (supplementary Fig. 5A-F) , showed that genes of NASH portends further progression of liver disease to cirrhosis and can incur greater complications for patients than simple steatosis. In fact, cirrhosis resulting from NASH is becoming one of the most common indications for liver transplantation in the United States. The focus of this study was to determine whether a panel of lipid and aqueous metabolites measured in an accessible body fl uid, such as plasma, could be correlated with liver histology to distinguish these two disease states within the spectrum of NAFLD. To this end, we identifi ed a signature of 20 plasma lipid species that are capable of distinguishing steatosis from NASH ( Fig. 5 ) . In addition to providing focused areas for further study, the internal leave-out-one cross-validation of steatosis versus NASH determination resulted in error of only 19%, and this stringency may aid in noninvasive prediction of which patients are at risk for the development of NASH or even end-stage liver disease.
A similar set of 20 plasma metabolites was obtained by using the two-level LDA analysis starting with 30 plasma lipids at level 1 of LDA [as described in the Statistical Analysis of the Methods section (supplementary Data File 5)]. When these 20 analytes are measured in a patient's plasma, the sample can clearly be classifi ed into NASH or steatosis (supplementary Fig. 7 ), making this metabolite signature a powerful biomarker of disease progression in NAFLD (supplementary Data File 5; sheet "posterior").
While the cohort described in this work represents the most comprehensive analysis of lipid species and analytes to date, the number of individuals is relatively small and thus the results are subject to limitations, including balance within groups for gender and race. The study design encompassed "all-comers" to appropriate clinical services, and did not specifi cally aim to include or exclude patients categories demonstrated correlation with collagen gene expression, including long-chain FAs, ceramides, etherlinked GPLs, CEs, TAGs, and dolichol-20. This association represents an avenue by which the transcriptional network could be interacting in an unknown manner with PUFAcontaining lipid species to produce the observed patterns across different disease states. There are also correlations between MMP genes and many of the same lipids (supplementary Data File 3).
To assess the effect of genotype on the observed correlations, SNPs were assessed for all patients. Illumina's HumanCoreExome-12v1.1 BeadChIP platform (542,585 SNPs) was used. A few signifi cant SNPs with contrast between steatosis and NASH were noted, but only seven SNPs showed P < 0.001 by analysis with PLINK ( 45 ) between steatosis and NASH (supplementary Table 3 ); in contrast, several SNPs have P < 0.0001 in cirrhosis versus normal comparison (supplementary Table 4 ). An assessment of the common mutations [especially rs738409 (I148M)] of the gene PNPLA3 showed that there was a signifi cant odds ratio for the difference between cirrhosis and the other histological categories (supplementary Data File 4, sheet "plink HC SNP PNPLA3"), suggesting that PNPLA3 status was not a factor in the observed differences between steatosis and NASH. This outcome is expected given that variations in this gene are strongly related to liver disorders in individuals of Hispanic origin ( 53 ) , which have very low representation in the present study.
DISCUSSION
The distinction of NASH in NAFLD patients currently requires biopsy for conclusive diagnosis. The development sphinganine is acylated to dihydroceramides that in turn are desaturated to ceramides; therefore, these dihydrosphingolipids typically refl ect the status of de novo sphingolipid biosynthesis rather than turnover ( 54 ) . Elevations in 1-deoxy-sphingolipids are also refl ective of altered biosynthesis because they are produced when there is a shift in the availability of alanine versus serine, as both are utilized by serine palmitoyltransferase ( 54 ) , and have been associated with diabetes ( 55 ) . The mRNA level of SPTLC1 is unchanged and SPTLC2 was not detected in transcriptomic data. Thus, the above metabolic shift is likely to be due to change in the availability of upstream metabolites. Furthermore, 1-deoxy-sphingolipids are very poorly miscible in membrane bilayers and, thus, have been predicted to impact membrane integrity and biologic function ( 56 ) . Plasma ceramides are thought to originate predominantly from the liver ( 57 ) due to their secretion in association with very low density lipoproteins ( 58 ) , which might account for the close association of these compounds as biomarkers with altered hepatic function in NASH.
To reinforce the idea that these and other closely related species correlate with overall disease progression, six of the analytes used to generate the data in Fig. 5 (steatosis vs. NASH segregation) also appear in the list of species found in both liver and plasma that differ over the spectrum of histological categories ( Fig. 1B , supplementary Data File 1). For example, the aqueous liver metabolites participating in metabolic energy production (supplementary Fig. 3 ) demonstrate essentially their lowest levels in NASH when compared with other disease states. After the development of more severe disease, there are lower levels of these metabolic intermediates needed to sustain growth compared with steatosis. There is existing evidence that signifi cant succinylation of proteins during infl ammation can occur ( 59 ) , which could explain the observed lower levels of succinate in NASH specimens. Increased succinate levels lead to activation of hypoxia-inducible factors, and are associated with steatosis ( 60, 61 ) . Transcriptomic data partially support this fi nding, as the mRNA levels of the gene SUCLG2 (ENST00000460567) are slightly increased in steatosis versus normal samples; but they decrease slightly in NASH and cirrhosis samples (supplementary Fig. 2L ). The two proposed mechanisms involve TCA cycle activation and TAG synthesis ( 62 ) . Excess FAs cannot be accommodated by ␤ -oxidation, the TCA cycle, or the respiratory chain and are directed toward TAG synthesis, which leads to cell enlargement. Hepatocyte swelling, in turn, reduces oxygen supply and impairs ␤ -oxidation and the TCA cycle. These results suggest that once disease has progressed to NASH, TAG synthesis continues, but that the TCA cycle activity is slowed ( Fig. 2A , supplementary  Fig. 3, supplementary Data File 1) .
HCC can characterize the later stages of NAFLD ( 63 ) . Signals involved in tumor initiation and progression may be uncovered in earlier stages of NAFLD, such as NASH. In fact, clinical reports are increasingly identifying HCC in patients with NASH prior to the development of cirrhosis. Given that perturbed phosphocholine metabolism, including changes to the fatty acyl composition of with known genetic predispositions to NASH (e.g., PNPLA3 mutations). Despite these limitations, the current fi ndings identify a diagnostic signature that can be the basis for similar studies in larger patient cohorts, and identifi es new molecular species that have not previously been associated with diagnosis of NAFLD.
The absence of many major analytes known to participate in lipid droplet formation in NAFLD progression ( Fig. 5B ) , such as the TAGs and DAGs which are prominent in steatosis ( Fig. 2 ) , is an indication that the mediators involved in the transition from steatosis to NASH may be quite diverse. The specifi c metabolite species highlighted as having power to discriminate between NASH and steatosis fall into several categories with known connections to metabolism. These include dihydrosphingolipids, ether PCs, and aqueous metabolites in the citric acid cycle and glycolysis pathways. Specifi cally, dihydrosphingolipids appear to have some of the strongest fold differences for distinguishing these disease states ( Fig. 5B ) , and plasma sphingolipids alone provided the most discriminatory power of all lipid classes in separating the four histological categories ( Fig. 4A ) . Changes in sphinganine and dihydroceramides are revealing because Fig. 6 . Comparison of log2 (fold-expression) levels of transcripts for genes related to ECM interaction between progressive disease states, Steatosis/normal (Norm), NASH/steatosis (Steat), and Cirrhosis (Cirr)/NASH. Differential expression of transcripts for several collagen genes is present in the transition between steatosis and NASH and intensifi es in cirrhosis. Genes listed are curated from ECM receptor interaction module feeding the focal adhesion network in WikiPathways. When more than one transcript for a gene was detected, the one with the highest average abundance was used. Color key: values shaded red correspond to >1.5-fold differences, blue for <0.67-fold, and gray for transcripts not detected in the array. All genes had P < 0.05 by ANOVA analysis except LAMB1 , LAMB3 ( P = 0.058), COL4A6 , and COMP . the PC pool, is often associated with paradigms of proliferative cell growth and cell death found in cancer ( 64, 65 ) , it is interesting to note that changes to both ether-linked PCs and 32:0 PC appear in the transition between steatosis and NASH as highlighted by the LDAbased analysis. The increased levels of 32:0 PC in NASH are likely a result of increased de novo lipid synthesis ( 66 ) and cellular proliferation. Ether-linked GPLs affect membrane fl uidity and are associated with several cellular dysfunctions and malignancies. The presence of these lipid species is typically correlated to metastatic properties of human cancers ( 67 ) and may be involved in the intrahepatic metastasis of HCC.
Fibrosis is a defi ning feature of end-stage liver disease and an important point of distinction evidenced from transcriptional changes. Pathways such as focal adhesion and the network of collagen genes were upregulated in NASH as compared with steatosis. These pathways may be important to ECM degradation and development of fi brosis as the infl ammation-related effects of advanced NAFLD progress ( 10 ) . Further, the signifi cant correlation of collagen gene expression with longer chain and PUFA-containing lipids of many different classes suggests that some lipids may be involved in signaling or regulation of these pathways, and that these lipids should be further examined for their ability to serve as functional indicators of collagen regulation. The enhanced expression of several genes involved in fibrosis was also observed in patients who exhibit NASH. A recent study ( 68 ) provided histological evidence that increases in NLRP3, a protein responsible for infl ammasome activation, are characteristic of fi brosis. Genes activated by NLRP3 that are involved in the fi brotic pathway (e.g., interleukin IL-1 ␤ , TGF ␤ 1, CCL2, CXCL1, MMP9, and MMP14) showed enhanced expression in the progression from NAFLD to NASH to cirrhosis (supplementary Fig. 5 ). Consistent with our observations, a pathway in which activation of the infl ammasome followed by activation of IL1 ␤ together with lipid-driven activation of macrophages leading to infl ammation was found to contribute to fi brosis ( 69 ) . Further analysis of the gene expression data from the liver is likely to shed more light on other mechanisms involved in fi brosis.
The results presented here demonstrate that concise "signatures" of lipids and aqueous metabolites can serve as biomarkers of disease progression in NAFLD and may be useful markers of response to therapy in treating this complex disease. The analytical methods used for the measurements have been well-developed, and with additional validation could be adapted to a routine clinical test. A larger, more diverse, and comprehensive cohort of patients with different presenting conditions (including wider ethnic variation, control for gender and age) will be important to further validate these important initial fi ndings and extend this biomarker signature to use in clinical diagnosis of a broad spectrum of subjects with NAFLD.
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